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Abstract: The KINEROS2 rainfall-runoff model was used to estimate plane and channel
infiltration within the Upper Split Wash watershed located above the potential geologic repository
for high-level radioactive waste on Yucca Mountain, Nevada. The estimated average annual
runoff was 3.6 mm/yr, and the channel and bedrock infiltration rates during storm events were
0.6 and 8.7 mm/yr. Most overland flow was a result of saturation of thin soils during
low-intensity winter storms. The spatial distribution of excess infiltration and bedrock infiltration
during a rainfall event is dependent on the position within the watershed. Excess infiltration is a
positive value when runon leads to infiltration being greater than the local precipitation. The
greatest bedrock infiltration occurs on the hillslope areas with thin soils and highest values of
bedrock hydraulic conductivity (K;). The greatest excess infiltration occurs on lower portions of
the hillslope with deeper soil depths that receive runoff from upslope areas. A sensitivity study

shows that these estimates are most sensitive to soil depth, bedrock Ky initial water content, and

soil water-holding capacity.
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INTRODUCTION
Objective

The objective of this study is to utilize the distributed rainfall-runoff model KINEROS2
(Woolhiser et al. 1990, Smith et al. 1995) in conjunction with measured precipitation data to
estimate the spatial distribution of storm and mean annual infiltration into soils and bedrock on
hillslopes and channels of a small watershed on Yucca Mountain (YM), Nevada. Emphasis is on

the impact of the runoff-runon phenomenon on the possible spatial focusing of net infiltration.

Background

Yucca Mountain, Nevada, approximately 160 km northwest of Las Vegas, Nevada, is the
potential site of a geologic repository for high-level radioactive waste. The repository would be
located approximately 250 m above the water table and within the unsaturated zone (UZ), which
is up to 750 m thick. A key criterion for the licensing of the potential repository is whether the
engineered and natural barrier systems will meet the performance standards described in the code
of Federal regulations 10 CFR Part 63. The quantity of water percolating to the repository horizon
has been identified as an important component of the natural barrier system (e.g., Mohanty et al.
2004, EPRI 2002, and BSC 2002). Sources of water fluxes traversing the UZ include percolation
below the root zone on upland areas and infiltration in the beds of ephemeral stream channels
within the repository footprint. During infrequent surface runoff events, water may be
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redistributed from runoff-producing areas to downslope areas with deeper soils or higher
saturated hydraulic conductivities (K) and to channel alluvium. This redistribution may cause
zones of focused infiltration leading to localized deep percolation.

Because of the year-to-year variations of precipitation and wide variations of slope,
aspect, soil thickness, and bedrock characteristics in the upland areas, direct measurements alone
of water content by neutron probes or other techniques may not provide representative values that
can be used to estimate flux reliably. Physically based numerical models of the hydrology, in
conjunction with measurements, may provide the best estimates of the present long-term average
fluxes. These models provide the only way to estimate deep percolation during hypothesized
future climate conditions.

Hydrologic modeling in semiarid environments is extremely difficult because net
infiltration and runoff are estimated as the small difference between two relatively large
quantities, precipitation and evapotranspiration. One factor especially difficult to handle is the
redistribution of water at the ground surface caused by runoff generated over an area that
subsequently flows downslope (runon) where it may infiltrate. This phenomenon is most .
prevalent where there are large variations in hydraulic conductivity of the surface soil or in depth
to bedrock or an impeding soil layer (THICK). K variations should be most significant during
high-intensity storms, while variations in soil depth should be important during long-duration,
low-intensity storms. To help describe the spatial redistribution of surface waters and its effect on
infiltration, the term effective precipitation is used. Effective precipitation is defined as the local
precipitation adjusted for runoff and runon and, thus, is the water available for local infiltration.

The runoff/runon phenomenon results in some areas having below-average effective precipitation
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(runoff), while other areas receive an above-average effective precipitation (runon) that may lead
to positive values of excess infiltration (infiltration greater than local precipitation). These
differences will, in turn, affect the vegetation and the flux of water to the atmosphere.

The KINEROS2 Version 1.12 watershed model (Woolhiser et al. 1990, Smith et al. 1995)
is used in this report for estimating runoff, runon, and infiltration on a small watershed near the
crest of Yucca Mountain, Nevada. The KINEROS2 model was previously used to estimate runoff
in Solitario Canyon, a larger watershed that encompasses the west slope of YM and the adjacent
valley (Woolhiser et al. 2000). Two other approaches have also been used to estimate spatially
dependent net infiltration at YM. The INFIL model (USGS 2001, Hevesi et al. 2003) has been
used to estimate net infiltration, though the estimates cover the entire YM area. INFIL is a daily
water balance model that includes evapotranspiration and surface water routing on a 30-m % 30-m
grid. It was developed to estimate average net infiltration rates over long time periods (e.g.,
10,000 yr). In another approach, the Richards equation solver in the one-dimensional BREATH
code (Stothoff 1995) was used to estimate net infiltration for an appropriate range of possible
conditions and parameters for YM. These results were then linked to a regular grid, with each
element containing local characteristics, to estimate spatial variations in net infiltration for the
entire YM area (Mohanty et al. 2002). Methods to constrain net infiltration models or to provide
independent estimates of net infiltration are described in Flint et al. (2001) and include the use of
neutron probes, thermal profiles, chloride mass balance, atmospheric radionuclides, and empirical

relations.
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Climate

The climate of YM is controlled by the interaction of weather systems with major
topographical features of the region. In winter, most of the weather systems providing moisture to
this area of the desert southwest originate in the Pacific Ocean. Precipitation occurs in the Sierra
Nevada Mountains to the west, producing a rain shadow over YM. Moisture during the summer
comes from the south and southeast and is carried by southerly winds that curve to the east in the
YM area. French (1983) identified three precipitation zones in southern Nevada: a deficit zone
within the rain shadow, an excess zone southeast of the rain shadow, and a transition zone
between them. YM is within the transition zone. The average annual precipitation at Upper Split
Wash is estimated to be 181 mm. Precipitation varies seasonally, with a summer maximum in
August and a winter rainfall period extending from October through April. The summer rainfall
may occur as thunderstorms with high intensities, while winter rainfall has lower intensities and

longer durations. Winter snow accumulation is minimal for the modern climate.

Watershed Description

The 0.25 km®-Upper Split Wash watershed lies over the proposed repository with
elevations ranging from 1,301 m at the mouth of the watershed to 1,478 m at Yucca Crest.
A topographic map of YM including streamgage and raingage locations is shown in Figure 1.
Stream channels incised into bedrock, alluvium, and paleo-terrace deposits flow only during or
immediately after precipitation events. Bedrock geology has been described by Day et al. (1998)
and consists of five lithostratographic units of Tiva Canyon Tuff. Hillslopes are steep, and soils

are generally thin and very rocky, with areas of bare rock. Soil depths on the gently sloping
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ridgetops are more uniform than on the steep sideslopes. Soil depths generally range from 0- to
1-m thick (Mohanty et al. 2002) based on field investigations and a mass balance model.
Channels are narrow (1-3 m wide) with highly variable amounts of alluvium ranging from zero to
several meters thick. The eastern extent of the channel contains remnants of terrace deposits and
thick alluvium. Vegetation consists primarily of shrubs typical of the transition zone between the
northern boundary of the Mojave Desert and the southern boundary of the Great Basin Desert
(USGS 2001). Plants are frequently subjected to stress because of the large variability of

precipitation and water availability as affected by soil depth and the runoff-runon phenomenon.

KINEROS2 MODEL

The KINEROS2 model, an improved version of KINEROS (Woolhiser et al. 1990), is
described in detail by Smith et al. (1995). It is a distributed model, with hillslope features
described as cascades of planes contributing flow to channels either as concentrated flow at the
upper boundary or as uniformly distributed lateral flow. Rainfall rates are obtained by
differencing the accumulated rainfall function and may be specified independently for each
element by interpolation between raingages. The Smith-Parlange equation (Smith and Parlange
1978) is used to describe the interactive infiltration at each computational node on both plane and
channel elements. Small-scale spatial variability is accommodated by assuming that the saturated
hydraulic conductivity is log-normally distributed and is specified by the mean and the coefficient
of variation (Smith et al. 1990, 1995). If there is a rainfall hiatus during which drying can occur
near the surface, the redistribution of soil water is handled by a method described in Smith et al.

(1993) and Corradini et al. (1994). Two soil layers (or soil and bedrock) can be specified for
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plane and channel elements. Surface runoff can be generated when rainfall rates exceed the
infiltrability of the soil (Hortonian mechanism) or can be induced when the top layer becomes
saturated (saturation-induced mechanism). Overland and channel flows are described by the one-
dimensional kinematic wave equations solved by finite difference techniques. The KINEROS
model has been thoroughly tested over a range of catchment sizes in a semiarid environment
where only Hortonian runoff occurred (Goodrich 1990). KINEROS?2 uses the same fundamental

equations as KINEROS.

Watershed Geometry and Model Parameters

The plane and channel network required by the KINEROS2 model was derived from a
10-ft contour interval topographic map from Day et al. (1998). Channel reaches were first
designated based upon relative uniformity of channel cross sections, slopes, depths of alluvium,
and type of bedrock as determined from topographic and geologic maps and from field
investigations. To mark the edges of plane elements, flow lines were drawn at right angles to the
topographic contour lines beginning at the upper and lower ends of the channels. Topographic,
geologic, and soil depth maps linked by a geographic information system (GIS) facilitated further
subdivision of plane and channel elements. In the GIS framework, plane and channel elements
were revised such that the slope, bedrock type and soil depth were well defined by the network.
Shown in Figure 2 with the bedrock geology is the model grid with 196 plane (black lines) and
20 channel (blue lines) elements. The length-weighted average plane and channel slopes were
0.33 and 0.24; the latter is high because of steep sections of the channel at the headwall of the

valley.
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In the KINEROS2 model, channel cross sections are trapezoidal defined by a bottom
width, BW¥, and side slopes, SS1 and SS2. One channel was modeled as a compound channel with
additional parameters representing the overbank section: width, slope, elevation difference
between the overbank and the channel bed, and side slope. All channel cross-sectional parameters
were estimated from field measurements, and slopes were determined from the topographic map.
The actual channels are irregular and rough, with large rocks obstructing the flow. Although
calculations of flow in a trapezoidal channel may not represent the local flow details, the
approximation is considered adequate in an average sense.

The average length of the Ax increments in the finite difference form of the kinematic

wave equations was 3.6 m. The computational time increments were 2 min.

Parameters and Initial Conditions

Subgrid variations for all soil and bedrock properties are accounted for in this model by
the use of representative property values. Soil thickness and percent bedrock exposure strongly
vary, even at the submeter scale. Soil depth values for plane elements were estimated visually
from a color-coded map developed using soil depth data from Mohanty et al. (2002).

The saturated hydraulic conductivities of surface soil and bedrock are critical parameters
in partitioning rainfall between Hortonian overland flow, infiltration into the soil, and percolation
into bedrock. K values for undisturbed soils were the same as those used by Woolhiser et al.
(2000), specifically 22.25 mm/hr for the period December-June and 11.25 mm/hr for -November.
These values were determined by an analysis of rainfall simulator data from plots near Mercury,

Nevada on the Nevada Test Site (NTS). Procedures for the rainfall simulator studies are described
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by Simanton et al. (1986), and a summary of the data collected is published by Lane (1986,
Appendix A). The specific seasonal variations used here were based on the hypothesis that the
variations were caused by winter freeze-thaw processes and the subsequent compaction by
summer rains.

The geometric representation of Upper Split Wash has a resolution that requires K values
for areas disturbed by roads and other activities. In those areas, near Yucca Crest, the vegetation
has been removed, and the soil has been compacted by traffic. Based on rainfall simulator runs on
bare plots (Simanton et al. 1986), a K value of 1.9 mm/hr was chosen and assigned to planes 3, 4,
5,6,7,8,16,17, 18, 27, 28, 40, 41, 55, 74, 81, and 88 (Figure 2). The reduction in K will result
in increased Hortonian runoff from the disturbed areas and an increase of infiltration for
downstream elements.

K values for the bedrock range between 0.35 and 0.68 mm/hr for the Tiva Canyon units
(Figure 2) based on estimates presented by Flint et al. (1996), which are an order of magnitude
larger than those presented in USGS (2001). These estimates reflect bulk properties of the matrix
and fracture network. The plane element boundaries were chosen to conform with the bedrock
units in addition to changes in slope and hillslope convergence or divergence, so the
conductivities were readily assigned. Bedrock K for channels was assigned in the same manner.
K for channel alluvium was set at 61 mm/h based on textural estimates and Table 2 of Woolhiser
et al. (1990). The coefficient of variation (CV) of K was set at 0.8 for all plane elements, the
same value used by Woolhiser et al. (2000) and based upon work by Goodrich (1990).

The net capillary drive parameter, G, was set at 50 mm for undisturbed areas, the same

value used by Woolhiser et al. (2000). For disturbed areas it was set at 80 mm, based on the
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rainfall simulator data for the bare plots at Mercury, Nevada. Bedrock G was set at 60 mm, while
the G for channel alluvium was set at 63 mm. The parameter A (herein called DIST) in the
Brooks-Corey soil water function (Brooks and Corey, 1964) was estimated from soil textural
information.

The soil porosity, POR, was set at 0.34 based on measurements by Lane et al. (1984) in
Rock Valley in the NTS. This value is consistent with a value of 0.39 determined from an
analysis of field data from YM presented by Schmidt (1988). Bedrock porosity was set at 0.20.

In KINEROS?2, lateral microtopographic variations on hillslopes are represented as
parallel triangular sections with mean values of relief (RE), depth in millimeter, and spacing
(SPA), the distance in meters between crests or bottoms of these channels. Woolhiser et al. (2000)
found that runoff was insensitive to the spacing, so SP4 was set at 1 m. RE was set at 50 mm for
elements near the top of the slope, 100 mm for planes at midslope, and 150 mm for elements at
the toe of the slope. The increase in RE downslope is consistent with the idea that the depth of
rills increases in the downslope direction. The RE parameter determines the relative area covered
by water, defined for each computational node on a plane when the rainfall rate falls below the
infiltrability or when runon is occurring

Initial relative soil saturation, SAT, varied seasonally based on monthly averages measured
over a 5-yr period at nearby Rock Valley (Lane et al. 1984). SAT was set at 0.325 for
January-April, 0.155 for June—October, and 0.235 for November—December. The soil water
profile was represented as a step function with relative saturation from the surface to a depth
determined by the 7-day antecedent precipitation (4PI). The maximum relative soil saturation

allowed in KINEROS?2 is 0.95 to reflect entrapped air during imbibition. Bedrock SAT is

Page 10



calculated internally in KINEROS2 such that the suction at the interface matches that for the soil
with the specified initial relative saturation. SAT of channel alluvium was set at 0.13,
corresponding to permanent wilting for a loamy sand.

Field observations and photographs were used to estimate Manning’s » for plane and
channel elements. The value of 0.151 for planes is within the range of data presented by Weltz
et al. (1992) for brush lands in the Mojave Desert. Manning’s n for channels was set at 0.0651
based on information in Table 6-1 in Simons, Li and Associates (1982), and is the same value

used by Woolhiser et al. (2000) for first-order channels in Solitario Canyon, west of YM.

Precipitation Data

Tipping bucket raingage data were available for some nearby gages for a relatively short
period of record. These data were collected by the U.S. Geological Survey (USGS) and
Science Applications International Corporation (SAIC) and are available from the YM Project,
U.S. Department of Energy. Gage USGS WX-3 covered the period September 1988-August
1994 and gages SAIC #8 and SAIC #18 covered the period October 1994-September 1996.
Although gage SAIC #18 is the nearest of the SAIC gages to Upper Split Wash, data were
missing for the period from February 16 to April 20, 1995. A major rainfall event occurred during
this period, so data from gage SAIC #8 were used for the storm of March 9-11, 1995.

Because KINEROS?2 is an event-based model and the objective of the study is to examine
the effects of runoff-runon on deep percolation, it was necessary to select rainfall events that
could cause either Hortonian or saturation-induced overland flow. The records were first

examined to determine summer rainfall events greater than 12.7 mm or winter events with more
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than 25.4 mm in a 3-day period. These events were then examined to determine if the intensity
was great enough to cause Hortonian runoff, given the seasonal K, or if the depth of rainfall was
great enough to cause saturation of the plane element with the thinnest soil given the seasonal

initial water content. Events meeting these criteria are listed in Table 1.

SIMULATION OF PLANE AND CHANNEL INFILTRATION AND RUNOFF

There are two runoff-generating mechanisms in the Upper Split Wash watershed. The
Hortonian mechanism, in which the rainfall rate must exceed the infiltrability (sometimes called
infiltration capacity) of the soil, would usually occur in the summer and fall as a result of
thunderstorm rainfall, but could occur throughout the year from the disturbed portions of the
watershed. The saturation-induced mechanism would occur during the winter when the rainfall
depth is great enough to saturate soil layers upward from the bedrock interface, particularly
common where the soils are thin,

The KINEROS2 output file for each storm displays the total volume of infiltration for each
plane and channel element in m* and in mm expressed over the entire watershed. If the plane or
channel element becomes saturated during the event, it includes the depth of infiltration required to
saturate the element and the time from the beginning of the event when saturation occurred. The
spatial distribution of infiltration can be described concisely by calculating the cumulative
distribution function (CDF) with respect to area of infiltration depth and excess infiltration (i.e.,
the infiltration depth for each plane minus the rainfall).

If, for the i plane element for the j* storm, we denote the depth of infiltration by f; and the

rainfall depth by P, the excess infiltration is given by the expression
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The average annual excess for plane i for N years is

E,=E, /N 3)

A positive excess indicates that there is runon from an upslope plane, and a negative excess
indicates that there is runoff from the plane. Negative excess will be observed for planes with thin
soils that saturate during rainfall events or for planes with low values of K such as roads.

When saturation-induced runoff is occurring, the quantity infiltrated will depend upon the
hydraulic conductivity of the bedrock and the storm duration. Infiltration into the bedrock of plane
i for storm j, Fy; is the total flux passing across the soil-bedrock interface during the calculated
storm period. Infiltration into bedrock may occur after the storm ends, but will be affected by
evapotranspiration and downslope saturated and unsaturated flow in the soil layer. The potential
bedrock infiltration, Fyp;, is defined as the sum of bedrock infiltration during the storm and the
quantity of water held in soil water storage that could drain by gravity into the bedrock.

Net infiltration that continues as deep percolation is water that moves below the reach of
evapotranspiration. Generally at YM, evapotranspiration is prominent in the periods after storms.
Also, the root zone depth where soils are thin likely extends into the bedrock. Bedrock infiltration

as used in this report may closely represent net infiltration, although when climatic conditions
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allow, net infiltration will likely be between the values of bedrock infiltration and potential

bedrock infiltration.

Plane and Bedrock Infiltration

The KINEROS2 model was run with all the rainfall events listed in Table 1, which also
provides a summary of the corresponding results. For this 9-yr period, the KINEROS2 model
estimated mean annual runoff, channel infiltration, bedrock infiltration, and potential bedrock
infiltration of 3.6, 0.6, 8.7, and 48 mm/yr, respectively. Large storms such as those that occurred in
January and March of 1995 (S8_3995b and S18_95_2) are infrequent but account for much of the
deep percolation. Although these storms are the largest in the YM rainfall data set used in this
study, their maximum intensities are nearly a factor of five lower than the intensity associated with
the 100-yr return runoff event noted in Woolhiser et al. (2000). The CDFs of plane and bedrock
infiltration for the events G3_88_1 and S8_3995b are shown in Figure 3. The excess infiltration on
about 70% of the watershed was negative for the larger event, indicating runoff induced by
saturation of thin soils. Excess infiltration was greater than 10 mm on approximately 15% of the
watershed, showing that runon was significant. The CDF of bedrock infiltration (dashed curve in
Figure 3) shows that approximately 79% of the watershed had infiltration through the soil-bedrock
interface during the event and that for approximately 18% of the area infiltration was greater than
20 mm. The CDF of potential bedrock infiltration (short dashed curve in Figure 3) shows that
potential infiltration for approximately 95% of the watershed greater than zero and was greater
than 50 mm for 50% of the area. The upper tail of the CDFs represents channel elements that have

large amounts of infiltration, but occupy a small portion of the watershed area. The rainfall
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hyetograph and the runoff hydrograph at the mouth of the watershed for this event are shown in
Figure 4. After 1,550 min, the hydrograph pattern is very similar to the hyetograph, reflecting
saturation-induced overland flow with an increase of the saturated area as the storm continues.
CDFs of the 9-yr averages of excess infiltration, bedrock infiltration, and potential bedrock
infiltration for all elements are shown in Figure 5. Bedrock infiltration and potential bedrock
infiltration for three slope classes and the channel elements are shown in Figure 6. The relative
areas of the slope classes are ridge = 29.95%, slope = 59.6%, toe of slope = 9.77%, and
channel = 0.68%. Figures 5 and 6 demonstrate the extreme spatial variability of bedrock
infiltration. Although the 9-yr average bedrock infiltration is 8.7 mm/yr, 75% of the ridge elements
have greater than the average value and approximately 50% of the ridge area has bedrock
infiltration greater than twice the average. Approximately 25% of the channel area has more than
three times the watershed average bedrock infiltration.

Figure 5 shows that approximately 32% of the watershed area receives more than the
rainfall for these runoff-producing storms and approximately 8% of the area has an average excess
infiltration greater than 5 mm/yr. This redistribution of rainfall could significantly affect
vegetation and deep percolation. If the excess infiltration is not sufficient to saturate the soil and
the vegetation type and density adapt to the added moisture, percolation below the root zone may
be very infrequent or may not occur at all in deep soils. Figure 5 also reveals that potential bedrock
infiltration occurred over nearly 95% of the watershed area at some time during the 9-yr period.
The median annual potential bedrock infiltration was 59 mm/yr, greater than the mean value of

48 mm/yr.
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Channel Infiltration

Water infiltrates into channel alluvium during runoff events. If the alluvium is thin, the
water may be impeded by the bedrock with a Ky much smaller than that of the alluvium. A typical
channel cross section as modeled by KINEROS2 is shown in Figure 7. When runoff is in the
channel, infiltration is modeled by the Smith-Parlange model (Smith and Parlange 1978) with an

effective infiltrating wetted perimeter given by the following equation

P = in /2 JLP,,0.05BW 4
‘ max[mm{ﬁ.osss‘/BW } ] @

where P, is the effective infiltrating wetted perimeter, 4 is the depth of flow in the trapezoidal
channel, P, is the wetted perimeter, and BW is the bottom width. Thus the minimum effective
infiltrating wetted perimeter is 5% of the bottom width and, when /4 >0.0856 BW® the effective
width is the same as the wetted perimeter. This function was developed to reduce infiltration

rates in channels with a large BW and with deep alluvium. During those conditions, the
one-dimensional Smith-Parlange equation is appropriate. A problem arises, however, when this
relationship is used for narrow channels with thin alluvium as are found in Upper Split Wash. For
low-intensity winter storms that cause saturation-induced overland flow, the flow rate is small so
P, is a small fraction of P,. The one-dimensional front of infiltrating water detects the bedrock and
the infiltration rate is reduced to bedrock K. The alluvium does not become saturated over the
entire bottom width of the channel. In reality, two-dimensional porous media flow would allow the
effective infiltration rate to remain relatively high until the channel alluvium was saturated. Also,

rain falling on the channel may saturate the thin alluvium. KINEROS2 has an option that allows
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infiltration to occur over the entire hydraulic wetted perimeter of the trapezoidal channel. The
channel infiltration using this option should provide an approximate upper bound. This option was
activated for this study. Channel infiltration shown in Table 1 is expressed as depth in millimeter
over the entire watershed. The channel area is 0.68% of the watershed area, so the average channel
infiltration during runoff is approximately 85 mm/yr.

Mean annual channel infiltration shown in Table 1 is based upon calculations for the
duration of each storm. Some of this water may infiltrate into the underlying bedrock during a
storm, but this is an underestimate of deep percolation because bedrock infiltration would continue
until the overlying soil or alluvium desaturates. As a first approximation, it is assumed that water
in the channel alluvium will drain into bedrock until the alluvium reaches field capacity. This
quantity, which can be called potential channel bedrock infiltration, was calculated for each
channel for each storm. The volumes were then summed and averaged for each channel, and the
CDFs were computed based upon the surface areas of the channels. The CDFs for the 9-yr
averages are shown in Figure 8. The figure reveals that there is potentially much more infiltration
into bedrock if it is assumed that the channel alluvium will drain to field capacity. Channel 115
had the greatest annual average excess infiltration (49 mm/yr) and potential bedrock infiltration
(119 mm/yr), but averaged only 4.3-mm/yr bedrock infiltration during storms. This low average
reflects the thickness of the alluvium for this channel. The bedrock in channel 115 is Tcpll with K
of 0.418 mm/hr. Assuming that the average is a single event, it would take a minimum of 274 hr
after the storm ended for the alluvium to drain into bedrock if it were purely one-dimensional flow
and evapotranspiration were assumed negligible. The actual flow pattern is more complicated

because there would be lateral flow at the soil-bedrock interface and flow into bedrock fractures,
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so the flow patterns would be three-dimensional. Potential bedrock infiltration, which is the same
as bedrock infiltration during storms for channels on bedrock, and ranges from 33 to 39 mm/yr and
is controlled by the duration of rainfall and runoff. Although the potential infiltration rate below
individual channels is large and could affect the interpretation of tracer studies, its volume is small

compared with hillslope infiltration because of the relatively small channel area.

COMPARISON OF MODEL RESULTS WITH MEASUREMENTS AT NEARBY
WATERSHEDS

USGS has streamgaging stations on some small watersheds near Upper Split Wash (Pabst
et al. 1993, Kane et al. 1994). Information for these stations is presented in Table 2. Because no
runoff measurements were taken at the outlet of Upper Split Wash during the time period studied,
the accuracy of the model with regard to runoff volumes and peak rates is unknown. However, by
comparing model results with measurements for the stations shown in Table 2, it is possible to
judge if the results are reasonable. USGS records indicate that there was no runoff at Pagany Wash
#1 during 1993 and 1994. Model results show no runoff for two potential runoff-producing storms
in 1993 and no runoff for one storm in 1994. USGS records showed two runoff events in 1995
(USGS 1995), which agree with model results. Runoff rates and volumes are compared with model
results in Table 2.

For the storm of March 9-11, 1995 (S8_3995b), the modeled unit volumes and peak rates
are intermediate between those of the nearby stations, suggesting that the model results are
reasonable. Gage SAIC #8 is north of Upper Split Wash, and the rainfall gradient for this storm

was increasing from south to north as indicated by gages south and east of the watershed. It is
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likely that the total rainfall for this storm was less than 80.3 mm, possibly as much as 15-20 mm
less. Estimated runoff peaks and volumes are higher than the measured rates downstream at Quac
Canyon, which is consistent with the relationship between the same quantities for the two stations
on Pagany Wash. The higher runoff per unit area for the smaller watersheds may result from
rainfall gradients caused by the convective nature of the storm, from thin soils in the smaller
watersheds, or from greater infiltration in the channel alluvium of larger watersheds.

For the storm of January 25-26, 1995, the modeled runoff is much higher than that at
nearby stations. Rainfall data at gage SAIC #18 were 87 mm and at gage SAIC #8 were 85 mm.
The rainfall at Upper Split Wash could not have been very different. This event was a 6-day storm
with low intensities, so runoff would have been a result of saturation-induced overland flow. The
runoff volumes published by USGS were estimates except for Wren Wash, which had a runoff of
slightly more than half of the modeled runoff. Several possible reasons for the difference include
too high SAT or API, too thin soil depths, and underestimates of bedrock K in the model. The
relative importance of these factors can be judged by reviewing the sensitivity analysis in the next
section.

All the significant runoff events analyzed earlier occurred in the winter season; however,
runoff can occur from summer convective thunderstorm rainfall. For example, on July 23, 1984, a
peak flow of 34.8 mm/hr was estimated at Split Wash at Quac Canyon (Pabst et al., 1993). This
discharge is much higher than the peak rates estimated from maximum stage gages on small
watersheds during a 15-yr period (CRWMS M&O 2000, Table 7.1-2) and is near the 100-yr event
for watersheds of this size as estimated by Squires and Young (1984). The simulated rainfall

events that led to the 10- and 100-yr peak runoff rates reported by Woolhiser et al. (2000) were
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used as input to the Upper Split Wash model. The 10-yr storm SEP5A.PRE resulted in a peak rate
of 9.1 mm/hr, runoff volume of 6.7 mm and channel infiltration of 0.62 mm. The peak rate is
reasonable when compared with peak stage data obtained from small watersheds in the area
(CRWMS M&O, 2000). The 100-yr storm PAUGA4.PRE resulted in a peak rate of 37 mm/hr, a
volume of 12 mm and channel infiltration of 1.1 mm. This peak rate is consistent with that rate
cited by Pabst et al. (1993) and appears to be near the value from the Squires and Young (1984)
100-yr peak rate. The area of Upper Split Wash, however, is smaller than any of the watersheds
evaluated by Squires and Young (1984). The peak flow rate is higher than rates for a similar sized
watershed modeled by Woolhiser et al. (2000), possibly reflecting the effect of the disturbed area
in the Upper Split Wash watershed. All runoff for these two storms is attributed to the Hortonian
mechanism. None of the plane elements became saturated, although the channel alluvium did.
Because of the higher flow rates and resulting larger wetted areas, the channel infiltration was
greater than for the winter storms. It is unlikely that this summer runoff on such a small watershed
would cause deep percolation because of the actively transpiring vegetation in the narrow
channels. Runoff transmitted to wider channels downslope of the model domain, however, could

penetrate into the deep alluvium beyond the reach of evapotranspiration and percolate into the

bedrock.

SENSITIVITY ANALYSIS
There are many sources of error in hydrological modeling, including input, model and
parameter errors. In this study, the primary inputs are rainfall data and initial soil water content.

Model error is associated with the structure of the model and algorithms used to describe the
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physical processes involved. Parameter error refers to uncertainties in estimating the parameters
included in the model equations.

The SAIC and USGS precipitation data were measured with tipping bucket raingages.
None of the raingages used (USGS WX-3 and SAIC #8 and #18 in Figure 1) is located within the
watershed. The inherent assumption is that these rainfall data are equally likely to have occurred
over the watershed during a similar time interval. Other uncertainties include raingage errors,
spatial variability of rainfall, editing errors, and representativeness of the observed rainfall
sequences. Tipping bucket raingages are known to underestimate rainfall during very intense
storms. This error is probably not serious because no high-intensity storms were observed.
Underestimation of precipitation may also occur during snowstorms and when precipitation is
accompanied by high winds.

The assumption of spatial uniformity of rainfall undoubtedly introduces error. This error

would be most serious during summer thunderstorms. Only three storms were in this category, and

they were not very intense. The tipping bucket rainfall data were manually edited to isolate periods

of rainfall that could potentially cause Hortonian or saturation-induced overland flow. Some data
points were eliminated from the record of these storms to reduce the volume of data. This

elimination would cause a slight variation in the intensity pattern, but is not considered to be

significant for saturation overland flow, because the total depth of the storm was always preserved.

The greatest source of uncertainty regarding annual average excess infiltration is probably a result
of the short record (9 yr). Precipitation is highly variable in arid regions, and averages of

precipitation and any functions of precipitation for this short period of time have large variances.
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Model errors are difficult to evaluate unless model results can be compared with detailed
measurements of soil water content, surface runoff, and deep percolation. The primary algorithms
in the KINEROS2 model have been thoroughly tested on a semiarid watershed where the runoff is
generated by the Hortonian mechanism. The model performed well for catchments up to 6.3 km?
(Goodrich 1990). The program has not been tested against experimental measurements where the
runoff mechanism is saturation-induced overland flow.

The representation of a watershed such as Upper Split Wash as a cascade of planes and
channels is a severe abstraction. The fidelity of the representation is dependent on the accuracy of
the topographic and geologic maps used to outline plane and channel elements. The map used had
a 10-ft contour interval so geomorphic factors such as the CDF of elevation, the drainage density,
average length of overland flow, and concavity or convexity of slopes should be reasonably
accurate. Average soil depth for each plane element was estimated visually from a color-coded
map, which, in turn, was based a on model used in Mohanty et al. (2002) in conjunction with field
observations. Spatial variations of soil depth occur within plane elements and cannot be
accounted for.

A thorough sensitivity study of the KINEROS2 model was made for the Upper Split Wash
watershed. Woolhiser et al. (2000) completed a sensitivity study for the nearby Solitario Canyon
watershed. They did not model thin soils, however, so all runoff from their simulated storms was
generated by the Hortonian mechanism. For the largest storms used as input in this study, runoff
was caused by saturation-induced overland flow over a substantial portion of the watershed.
Hortonian runoff occurred only from the disturbed areas. Infiltration into soil and bedrock should

be most sensitive to parameters that affect the portion of the area that becomes saturated and the
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duration of saturation, such as soil depth, initial relative saturation, and bedrock K. The potential
bedrock infiltration should be sensitive to the same parameters as well as soil water-holding
characteristics.

Two storms were used as input, S§_3995b and G3_88_1 (see Table 1). The first storm had
a moderate precipitation depth and a low antecedent precipitation index. The second storm had a
large precipitation depth and a high antecedent precipitation index. A dimensionless sensitivity

coefficient, S, was calculated by the relationship

§="—z )

where AF is the change in the output function F resulting from the perturbation AP of the
parameter P. If the absolute value of S is greater than one, it means that parameter error is
magnified, and the results are sensitive to that parameter. A perturbation of AP = 0.2P was used

(i.e., a 20% increase). The following sensitivity coefficients were calculated:

1. Sy, sensitivity of runoff volume

2. Scr, sensitivity of total channel infiltraﬁon

3. Sqe» sensitivity of peak runoff rate

4. Sgp, sensitivity of median bedrock infiltration

5. Sepp, sensitivity of median potential bedrock infiltration

Sensitivities of KINEROS2 outputs were obtained by perturbing only one parameter or watershed
descriptor at a time. This procedure ignores possible interactions that may exist in this complex

nonlinear model.
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Values for sensitivity coefficients shown in Table 3 indicate that runoff and infiltration are
highly sensitive to a 20% increase in the depth of soil and channel alluvium (THICK). Increasing
THICK of planes and channels decreased the volume of runoff, resulting in negative values of Sy
and Sgp. The large sensitivity coefficients for G3_88_1 reflect the effect of a small runoff volume
(0.02 mm for the reference case) that was near a threshold. Sensitivity coefficients for channel
infiltration are positive for the two storms. The channel alluvium was saturated for all channels for
the reference case, so increasing the channel THICK results in a longer time before the infiltration
rate is controlled by the bedrock hydraulic conductivity. Consequently, there is more infiltration
into the soil.

Sensitivity coefficients for bedrock K, API, DIST, and G are generally less than those for
soil thickness. Increasing the bedrock K results in less runoff and lower peak rates for both events
(Table 3) and increased channel infiltration and potential bedrock infiltration. Net infiltration is
sensitive to bedrock hydraulic conductivity when soils are thin but still present. Where little or no
soil is present, most of the precipitation is converted to runoff before infiltration can occur. Where
thick soils are present, infiltrating water cannot pass beyond the reach of evapotranspiration for
most storms. In a large-scale infiltration field test northeast of Upper Split Wash (BSC 2003),
applied surface fluxes suggest that bulk bedrock K may be underestimated by one to two orders of
magnitude from that in USGS (2001) and by a factor of two from those used in this paper.
Sensitivity coefficients for perturbation of the API are larger for the smaller storm, which may
reflect the large relative increase for low API storms. Increasing the soil hydraulic parameter,
DIST, which defines the field capacity and the wilting point, results in decreases in runoff and

peak flow and slight decreases in channel infiltration. Again, sensitivity was greatest for the
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smaller storm. Bedrock infiltration was increased for both storms, reflecting the runoff decrease.
Sensitivity coefficients were insensitive to the capillary drive parameter, G. This appears
reasonable because rainfall intensities were low and runoff was caused by the saturation-induced

mechanism.

CONCLUSIONS AND RECOMMENDATIONS

The KINEROS2 model was used to model infiltration and runoff for the Upper Split Wash
watershed for 18 potential runoff-producing rainfall events measured at nearby raingages during a
nine-year period. The following conclusions appear to be justified by the analysis.

Simulations with 18 storms during a 9-yr period show that approximately 28% of the
watershed area receives runon such that infiltration exceeds local precipitation and approximately
3% of the area has an average excess infiltration greater than 5 mm/yr. Runoff was generated
almost exclusively by the saturation-induced mechanism. The redistribution of rainfall caused by
the runoff-runon phenomenon could significantly affect vegetation and deep percolation. The
average annual runoff was 3.6 mm/yr, which is greater than the runoff estimated by Woolhiser et
al. (2000) for an average plane element in the nearby Solitario Canyon watershed. However, the
range of runoff (0.38-1.5 mm/yr) estimated by Woolhiser et al. (2000) was generated only by the
Hortonian mechanism. The 10 km? Solitario Canyon watershed model, however, neglected soil
depth and is larger than the Upper Split Wash watershed; note that runoff decreases with
watershed area in arid regions.

The average annual channel infiitration for runoff-producing events was 0.58 mm/yr

expressed as depth over the watershed and 84.9 mm/yr expressed as depth over the channel bed
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area. The mean annual potential bedrock infiltration for the watershed was 47.6 mm and the
median for all channels was 92 mm/yr (range from 8 to 119 mm/yr), either of which are greater
than the 10-mm/yr recharge based on an estimate of percolation flux for nearby Pagany and
Drillhole Washes (Kwicklis and Rousseau 1999). This difference should be expected because
Pagany and Drillhole Washes have deeper channel alluvium than Upper Split Wash and, in this
study, evapotranspiration subsequent to each storm is ignored. The values calculated for Upper
Split Wash may be overestimates because the option that infiltration occurred over the entire width
of the channel bottom was used. Deep percolation into bedrock below channels for small
watersheds appear to be relatively small compared to ridge and hillslope infiltration because the
relative area of the channels is small. However, there is a significant concentration of potential
bedrock infiltration in channels, which can affect the interpretation of radioisotope tracer analyses.

Bedrock infiltration and runoff volume showed the greatest sensitivity to the soil and
alluvium depth, THICK, with the highest sensitivities for the smaller storm. The potential bedrock
infiltration was most sensitive to DIST for the larger storm and to THICK for the smaller storm, but
the sensitivity coefficients were less than 1. The considerable variations in soil depths and
topographic features within any plane element modeled would result in an undetermined amount
of spatial variability of bedrock infiltration within each element. Sensitivity coefficients of runoff
volume and peak rates to API were moderate for the smaller storm but relatively small for the large
storm.

Channel infiltration was most sensitive to the depths of soil and channel alluvium. Soil

depth has a large effect on runoff volume generated by the saturation-induced mechanism and
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subsequently reaching the channels. The depth of channel alluvium determines the channel
infiltration required for saturation to occur.

Future analyses of evapotranspiration and bedrock percolation in the long periods between
storms should improve estimates of deep percolation when incorporating the runoff and excess

infiltration estimated using the event-based KINEROS2 program.
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Appendix I1. Notation

The following symbols are used in this paper.

API = 7-day antecedent precipitation
BW = bottom width of a trapezoidal channel (m)
cv = coefficient of variation of saturated hydraulic conductivity
DIST = soil hydraulic parameter
e =  excess infiltration for plane or channel i, storm j (mm)
E, = total rainfall excess for plane or channel i (mm)
E; = average annual rainfall excess for plane or channel i/ (mm)
F =  output variable for sensitivity analysis
Fy; = infiltration into bedrock for plane or channel i, storm j (mm)
Fppy = potential bedrock infiltration for plane or channel i, storm j (mm)
Ji = infiltration at ground surface for plane or channel i, storm j (mm)
G = net capillary drive (mm)
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h = local depth of water (m)

K = hydraulic conductivity (mm/hr)

n = coefficient in Manning’s equation

N = number of years of record

P = parameter varied for sensitivity analyses

Py = rainfall depth for plane or channel 7, storm j (mm)

P, = effective infiltrating wetted perimeter for a trapezoidal channel (m)
POR = porosity

P, =  wetted perimeter for a trapezoidal channel (m)

RE = relief of parallel, v-shaped micro-relief channels (mm)
S = sensitivity coefficient

SAT = Iinitial relative saturation

SPA =  spacing of parallel, v-shaped, micro-relief channels (m)
SS1 = side slope of trapezoidal channel

ANy = side slope of trapezoidal channel

THICK = depth of soil or channel alluvium thickness (mm)
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Rainfall Data and Simulated Runoff Volume and Channel Infiltration by Storm

Table 1

Day or Depth, | Runoff Volume, Channel Infiltration,

File Name®® Date AP, mm mm mm mm
G3_87_1 201 8 26 0.0 0.22
G3_87_2 309,310 20 34 0.0 0.31
G3_88_1 105, 106 2 38 0.02 0.42
G3 91_1 58, 58, 60 2 32 0.0 0.29
G3 921 5,6 22 26 0.0 0.20
G392 2 37,38 2 29 0.0 0.19
G3.92 3 40,41, 42 29 28 0.0 0.18
G3.92 4 43,44 57 29 0.0 0.21
G3.92 5 62, 63 2 28 0.0 0.18
G3_92_6 89, 90, 91 25 27 0.0 0.18
G392 7 342,343 2 59 4.87 0.57
G3_93_1 16,17, 18 32 28 0.0 0.18
G393 2 38 5 37 0.0 0.33
S18 94 1 12/24 1 24 0.0 0.20
S18 951 1/4-7 26 30 0.0 0.20
S18 95 2 1/21-26 10 87 11.35 0.63
S8_95 3 2/28 5 35 16.05 0.55
S8_3995b 3/9-11 41 80 0.0 0.23
Annual Average 3.59 0.58

* G3 = USGS WX-3 raingage; S18 = SAIC #18 raingage; S8 = SAIC #8 raingage
® Middle portion of file name is last two digits of the year
¢ Antecedent precipitation
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Table 2

Comparison of KINEROS2 Results with Data from Nearby USGS Streamgaging Stations

Stormof | Stormof | Stormof | Storm of
1/26/95 1/26/95 3/9-11/95 | 3/9-11/95
Area Runoff | Peak Rate, Runoff | Peak Rate,
Station Number, Station Name | (km?) | Vol., mm mm/hr Vol., mm mm/hr
102512532, Pagany Wash #2 1.22 3.44e — 24.3 3.24
102512533, Pagany Wash #1 2.12 0.01e — 9.9 2.89
102512537, Split Wash below 0.85 4.6¢e — 8.7¢ 1.31
Quac Canyon
1025125356, Wren Wash at 0.59 6.6 — 10.8 5.13
Yucca Mountain
Upper Split Wash, KINEROS2 0.25 11.35 2.78 16.1 3.18

e = estimated
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Dimensionless Sensitivity Coefficients for Storms S8 _3995b and G3_88 1

Table 3

S8_3995b Sy Scr Sor Sen Segp
THICK, soil ~1.47 0.517 -0.534 -0.088 0.275
K, Bedrock -0.498 0.158 -0.214 0.584 0.186
API, 7-day -0.035 -0.025 -0.071 — —
DIST, soil -0.459 -0.042 ~0.409 0.425 0.510
G, soil -0.031 0.017 -0.036 — —

G3_88 1
THICK, soil -5.00 0.267 -5.00 -4.16 -0.438
K, Bedrock -1.67 0.116 -0.143 0.369 0.002
API, 7-day 0.833 0.058 0.807 — —
DIST, soil -5.00 -0.116 -6.429 -1.34 0.151
G, soil -0.833 0.140 0.571 — —
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